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Abstract: The aim of this work is to evaluate the potential of cryogels to be used as 
scaffolds in tissue engineering. Scaffolds based on the α-tricalcium phosphate reinforced 
PDMAEMA (Poly(dimethyl aminoethyl methacrylate))/PHEMA (poly(hydroxyethyl 
methacrylate)) system were prepared and human trabecular bone-derived cells (HTBs) and 
bone marrow derived-mesenchymal stem cells (BM-MSCs) cultured on them. Several 
features, such as porosity, pore shape, molecular weight between crosslinks and mesh size, 
are studied. The most suitable PDMAEMA/PHEMA ratio for cell proliferation has been 
assessed and the viability, adhesion, proliferation and expression of osteoblastic biochemical 
markers are evaluated. The PDMAEMA/PHEMA ratio influences the scaffolds porosity. 
Values between 53% ± 5.7% for a greater content in PHEMA and 75% ± 5.5% for a greater 
content in PDMAEMA have been obtained. The polymer ratio also modifies the pore 
shape. A greater content in PDMAEMA leads also to bigger network mesh size. Each of 
the compositions were non-cytotoxic, the seeded cells remained viable for both BM-MSCs 
and HTBs. Thus, and based on the structural analysis, specimens with a greater content in 
PDMAEMA seem to provide a better structural environment for their use as scaffolds for 
tissue engineering. The α-tricalcium phosphate incorporation into the composition seems to 
favor the expression of the osteogenic phenotype. 
Keywords: cryogels; α-tricalcium phosphate; PDMAEMA (Poly(dimethyl aminoethyl 
methacrylate)); PHEMA (poly(hydroxyethyl methacrylate); mesenchymal stem cells 
 
1. Introduction 
Cryogels have considerable potential for applications as scaffolds for tissue engineering since  
they may provide with the necessary support for cells to proliferate and maintain their differentiated 
function [1,2]. Cryotopic gelation is a specific type of gelation that takes place upon cryogenic treatment 
of initial systems potentially capable of forming a gel [3]. The cryogel structure is mainly controlled by 
the freezing conditions because the formed solvent crystals acts as the porogenic factor [4]. After melting 
the solvent crystals, a system of large interconnected pores is formed. The formation of interconnections 
occurs when ice crystals from the solvent grow enough to connect with another ice crystal [5]. 
Concomitant with the solvent crystallization, there is an increase in the monomers concentration in the 
remaining liquid solvent that leads to the polymerization, by a phenomenon called cryoconcentration. 
Subsequently, dense pore walls are formed, resulting in a cryogel with enhanced elasticity and 
sponginess [1]. Furthermore, materials obtained with this technique possess an elevated chemical and 
mechanical stability. This technique has been successfully employed for the creation of porous systems 
used as chromatographic columns to capture enzymes [6], as bioreactors [7], in water purification [8] 
bioengineering [9] and tissue engineering applications [10,11]. Recently, its application in the preparation 
of scaffolds for bone regeneration by including bioactive ceramic particles to a poly(hydroxyethyl 
methacrylate) (PHEMA)/polyacrylic acid system has been reported [12]. 
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Poly(dimethyl aminoethyl methacrylate) (PDMAEMA) is a polymer that possess pH sensitivity [13], 
widely used for gene transfection [14,15]. PDMAEMA can be easily synthesized by radical polymerization 
and is therefore relatively simple to be modified by copolymerization. PHEMA is a non-ionic polymer, 
suitable for implantation due to its good biocompatibility, haemocompatibility [13,16,17] and high 
chemical and hydrolytic stability, which makes it resistant to degradation [13]. 
Thus, the utilization of PDMAEMA in a cryopolimerization reaction offers the potential of combining 
a scaffold-based bone tissue repair approach of regenerating damaged tissues, by culturing cells ex vivo 
on biocompatible scaffolds, with the possibility of incorporating genetically modified cells. In addition, 
ceramic loading of cryogels has proven to provide appropriate biological cues to promote calcified 
matrix deposition for the regeneration of calcified tissues [12]. However, before assessing the potential 
for cell encapsulation in the proposed system some parameters, such as adequate polymer ratio or need 
for a ceramic component have to be established. 
The aims of this work are the preparation of cryogels based on α-tricalcium phosphate (α-TCP) 
reinforced PDMAEMA/PHEMA system; the assessment of the most suitable PDMAEMA/PHEMA 
ratio and to determine the viability of human trabecular bone-derived cells and human mesenchymal stem 
cells when cultured on these scaffolds. 
2. Experimental Section 
2.1. Materials 
2-(Dimethylamino) ethyl methacrylate (DMAEMA, 98%), hydroxyethyl methacrylate (HEMA, 
99%), and N,Nꞌ-methylenebisacrylamide (MBAM, 99%) were purchased from Sigma-Aldrich (St. Louis, 
MO, USA). Triethylenglycol dimethacrylate (TEGDMA, 90%), sodium persulfate (SPS, 99%) and 
gelatin were bought from Fluka (St. Gallen, Switzerland). The α-tricalcium phosphate (α-TCP) used in 
this work was synthesized in laboratory by solution combustion solution (SCS) [18]. 
2.2. Preparation of Cryogels 
The monomers were mixed and added to deionized water in three HEMA:DMAEMA weight:weight 
ratios; 25:75, 50:50 and 75:25, named 25 HD, 50 HD and 75 HD. A second set of reactions were 
prepared by incorporating a 5% (w/w) of α-TCP for the same monomer ratios, and the samples were 
named as 25 HDT, 50 HDT and 75 HDT. The viscosity of the media was increased by adding a 1% weight 
of gelatin. TEGDMA was used as crosslinker in a crosslinker:monomer ratio 1:300 (w:w). The catalyst to 
monomer ratio selected were 300:1 (w:w), respectively. Total monomer content was 10%. The mixtures 
were stirred for 5 min, in an ice bath, under nitrogen atmosphere, and poured into 13 mm diameter plastic 
molds that were immediately introduced into a bath at −20 °C. After 20 h, the ice of the specimens was 
extracted by freeze-drying. Specimens were then washed by immersion, in distilled water at room 
temperature, for 3 h. 
2.3. Characterization 
Infrared spectroscopy was performed with an Attenuated Total Reflection-Fourier Transformed Infrared 
(ATR-FTIR) Spectrum 100—Perkin Elmer with the Universal (Waltham, MA, USA) ATR sampling 
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accessory from Perkin Elmer. Spectra were registered in the 600 to 4000 cm−1 range, performing 16 
scans for each measurement, with a 2 cm−1 resolution. Polymers thermal behaviour was assessed by 
thermogravimetric analysis in a TA TGAQ500 (New Castle, DE, USA). A temperature range from 50 to 
500 °C and a ramp of 10 °C per minute in a nitrogen atmosphere were used. Apparent and real density 
of specimens were measured by the Arquimedes method and by helium pycnometry (Micromeritics 
Accupyc 1330, Norcross, GA, USA) respectively. Total porosity was calculated from Equation (1): 
ap
r
ρ
100ρP
 
= ⋅  
 (1)
where P is the Porosity, ρap is the apparent porosity and ρr is the real porosity. The microstructure of 
porous scaffolds was analyzed by Scanning Electronic Microscopy (SEM) (Philips XL30, Amsterdam,  
The Netherlands). Prior analysis, samples were coated with a thin gold layer by sputtering. The software 
Image Tool (UTHSCSA, San Antonio, TX, USA) was used to measure the pore size distribution (PSD) 
of the scaffolds. At least 50 pores were measured for each composition. Energy-dispersive X-ray 
spectroscopy (EDX) (EDAX SUTW with software Genesis, EDAX, Mahwah, NJ, USA) was used to 
observe the incorporation of the α-TCP component onto the polymeric matrix. Rheological properties 
of the cryogels were studied with a TA AR2000 rheomether (TA instruments, New Castle, DE, USA), 
using steel 20 mm parallel plates. Strain sweeps were performed and the frequency was fixed in  
0.5 Hz and the gap was adjusted by the normal force, which was adjusted to be around 1 N. Swelling 
experiments were carried out by incubating 1 mm height disk cut from the prepared specimens in PBS, 
pH 7.4, at 37 °C for 21 days. The Equilibrium Swelling Ratio (Q) was calculated from Equation (2): 
s
d
mQ
m
=  (2)
where ms is the mass of the swollen cryogel after reaching the equilibrium state and md is the mass of 
the dried cryogel. Swelling experiments in pH 2, 7 and 10 buffers were carried out for testing the pH 
sensitivity of the system. The samples were immersed in water for 24 h before each measurement in 
order to reach equilibrium. 
2.4. Biological Analysis 
2.4.1. Isolation and Culture of Human Trabecular Bone-Derived Cells (HTB) 
Trabecular bone was obtained from the femoral head of one donor (77 years, female), with no history of 
joint disease, undergoing total hip replacement, and processed using a protocol previously established [19]. 
This study was approved by the Ethics Committee of Clinical Research of Galicia (CEIC) and informed 
consent was obtained from the patient. Culture-processed trabecular bone fragments were subsequently 
plated in Minimum essential medium alpha (αMEM), supplemented with 10% foetal bovine serum 
(FBS), 1% penicillin/streptomycin (P/S), 1% L-Glutamine and 1 ng/mL of fibroblast growth factor 2 
(FGF-2). Medium was changed every 3–4 days and cells were expanded until 90% confluence. 
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2.4.2. Isolation and Culture of Human Bone Marrow Derived-Mesenchymal Stem Cells (BM-MSC) 
Human mesenchymal stem cells were isolated from the bone marrow stroma of one patient (77 years, 
female), with no history of joint disease, undergoing total hip replacement. Isolated bone marrow cells 
were cultured in monolayer in Dulbecco’s modified Eagles medium (DMEM) supplemented with 20% 
FBS and 1% P/S until 90% confluent. Pre-plating for 15 min in the first two passages eliminated any 
fibroblasts remaining in the culture [20]. Cells were expanded until passage 3. 
2.4.3. Cell Seeding and Osteogenic Differentiation 
HTB and BM-MSCs were cultured on a selection of the described systems. Cryogels were sterilised 
overnight under U.V. light irradiation. Then, they were washed several times with a phosphate buffered 
saline solution (PBS) and kept in cell culture medium for 24 h prior to cell seeding. Cryogels were 
placed individually (n = 3) in a 24-well plate and HTBs or MSCs were seeded at a concentration of  
3 × 105 cells per well, being fully covered by cell culture medium, composed of α-MEM supplemented 
with 10% FBS in HTBs culture and supplemented with 1% penicillin-streptomycin, 50 μM ascorbic 
acid phosphate, 1% L-Glutamine and 2 mM β-glycerolphosphate, which are well-documented supplements 
for promoting the osteogenic differentiation of hMSCs seeded on materials [21,22]. Cell-constructs 
culture was maintained for 14 days. 
2.4.4. HTB and BM-MSC Metabolic Activity 
The viability of the cultured cells (HTB and BM-MSC) was assessed after 96 h, using the Alamar Blue® 
(Invitrogen, Barcelona, Spain) assay. Alamar Blue® is a non-toxic aqueous dye used in the measurement 
of cell viability and proliferation. As cells grow, innate metabolic activity results in a chemical 
reduction of dye. Continued growth will maintain a reduced environment whilst inhibition of growth 
will lead to an oxidized environment [23,24]. To perform this assay the manufacturer’s instructions 
were followed (Invitrogen). Briefly, cell-constructs and culture wells containing cells-only were 
incubated with a 10% solution (v/v) of the commercial dye and the amount of reduced dye was 
determined by measuring the optical density of the dye solution at 570 nm, using 600 nm as reference. 
2.4.5. Histological and Immunohistochemical Analysis 
Cell distribution and morphology of the MSCs were analysed after 14 days. Cell-constructs were 
fixed and parafinized. Staining with hematoxylin and eosin (HE) was carried out according to standard 
histological techniques. For osteogenic evaluation, 4 µm sections were incubated with a primary 
antibody to detect the expression of type-I collagen (Abcam, Cambridge, UK) and alkaline phosphatase 
(R&D Systems, Minneapolis, MN, USA). The peroxidase/diaminobenzidine ChemMate™ DAKO 
EnVision™ detection kit (Dako, Barcelona, Spain) was used to determine antigen-antibody interactions. 
2.4.6. Statistical Analysis 
Statistical analyses were performed using a one-way analysis of variance (Kruskal–Wallis one-way 
analysis of variance ANOVA). Differences were considered statistically significant for p < 0.05. 
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3. Results and Discussion 
The most suitable ratio of DMAEMA/HEMA and the consequences of introducing α-tricalcium 
phosphate will be evaluated based on the resulting structural features and on the response of cultured 
human trabecular bone-derived cells and human mesenchymal stem cells. Several features, such as 
porosity, pore shape, elastic modulus, cell viability, adhesion and proliferation, are studied, together 
with two biochemical parameters of osteoblastic phenotype expression, namely type I collagen and 
alkaline phosphatase production to perform a preliminary study of the potential of the system for 
applications in bone tissue repair. 
3.1. Scaffold Characterization 
The obtained dry scaffolds are rigid bodies with a 13 mm diameter and up to 20 mm height.  
They are easily handled and can be sliced into the required size for testing. 
FTIR spectra of the obtained compositions are displayed in Figure 1. Compositions with a greater 
DMAEMA percentage show stronger stretching vibration modes from the methyl group at 2940 cm−1 
and from the dimethylamino group at 2819 and 2767 cm−1. These bands can only proceed from  
the DMAEMA component, (–N(CH3)2) [25]. The incorporation of α-TCP, resulted in the appearance 
of a band at 1139 cm−1 that can be assigned to the υ3 vibration mode from TCP [26] and hides the band 
around 1150 cm−1 assigned to –CN from the DMAEMA. Also bands at 1664 and 1524 cm−1 may be 
caused by electrostatic interactions between the tricalcium phosphate and free electrons on the 
DMAEMA’s carbonyl bond, suggesting a possible interaction between the ceramic and the  
polymeric components. 
Figure 1. Fourier Transformed Infrared Spectroscopy for samples 75 HD and 75 HDT. 
 
The thermal stability of the cryogels and the influence of the incorporation of the ceramic phase 
have been evaluated by TGA as showed in Figure 2. Two weight loss steps can be appreciated for each 
composition. The first one centered between 254 and 305 °C depending on the composition and the 
second one centered between 421 and 425 °C, also depending on the composition. A greater weight 
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loss can be observed for the first peak for greater percentages of DMAEMA. This step corresponds to 
the decomposition of the lateral chains of the copolymer and the greater weight loss can be attributed 
to the longer lateral chains of dimethylamino ethyl groups from PDMAEMA in comparison with 
hydroxyl ethyl groups from PHEMA. For 25 HD and 50 HD, this first step is split in two parts. The 
first one can be related to the DMAEMA’s amino group [25] and the second to the rest of both 
DMAEMA’s and HEMA’s lateral chains; For the α-TCP containing compositions, the lateral group 
decomposition occurred in only one step at 267 °C which seems to indicate an interaction between the 
ceramic and the dimethylamino groups from PDMAEMA. This is reinforced with the lack of influence 
of the ceramic phase in the decomposition temperature of the lateral chain for specimens with greater 
content in PHEMA. From the weight of the samples after heating at 500 °C the final ceramic contents 
of the specimens were calculated. Ceramic contents obtained for 25 HDT, 50 HDT and 75 HDT were 
3.1%, 4.3% and 4.4% referring to the ceramic content. Theoretical percentage is 5%, in each case, related 
to initial monomer mass. The deviation from the initial content can be attributed to partial evaporation 
of the monomers during the mixing and homogenization procedures, but the variation is <2%, 
indicating that the ceramic particles do not interfere with the polymerization process and suggesting a 
reliable preparation procedure. 
Figure 2. Thermogravimetric analysis of all studied compositions. 
 
The porosity of the prepared cryogels is displayed on Table 1. Porosities between 53% ± 5.7% and 
75% ± 5.5% were observed. The incorporation of α-TCP seems to produce an increase in the porosity 
that can be related with the simultaneous addition of gelatin that is washed out on the late washing  
step [27,28]. 
  
Polymers 2014, 6 2517 
 
 
Table 1. Porosity, and modal pore size of the specimens. Standard deviation is displayed on brackets. 
Sample Porosity (%) Modal Size (μm) 
25 HD 66.7 (9.5) 100–200 
25 HDT 75.2 (5.5) 100–200 
50 HD 53.8 (5.7) 100–200 
50 HDT 59.0 (7.3) 400–500 
75 HD 59.3 (8.2) 200–300 
75 HDT 73.4 (5.5) 300 and 400 
Figure 3 shows SEM pictures obtained from transversal cuts for each composition. Cryogels with a 
greater content on PDMAEMA, 25 HD and 25 HDT, display spherical pores, whereas cryogels with a 
greater content in PHEMA, 75 HD and 75 HDT, display pores with elongated shapes. PSD is also 
displayed in Figure 3. Pore sizes up to 900 μm were found for 25 HD and 75 HD and up to 500 μm for 
50 HD. The modal size is smaller for 25 HD and 50 HD than for 75 HD as it can be seen in Table 1. 
The incorporation of tricalcium phosphate yields a wider PSD and pore modal size than for the TCP 
free specimens. The pore size ranges between 139 and 481 μm for each of the prepared compositions, 
which seems appropriate for a bone-engineering scaffold [29]. 
The equilibrium-swelling ratio at pH 7.4 is included in Figure 4. The greater Q observed for 25 HD 
in comparison with the observed for 75 HD can be attributed to the greater presence of protonable 
amino groups that induce a greater hydrophilic character to the specimens [30]. 
Figure 4 shows the Q of the cryogels at different pHs. The figure shows that all the specimens 
maintain the pH sensitivity whatever the content of the PDMAEMA component is [13]. 
The PDMAEMA is a well-known pH sensitive polymer [31–33] Yangfeng and Min studied the 
swelling kinetic and stimuli response of hydrogels containing DMAEMA as the main monomer and 
found that for a pH as low as 3.0, a drastic increase in the Q can be observed. The same behavior was 
found for the cryogels obtained in this work. The composition 25 HDT shows an equilibrium-swelling 
ratio around 16 at pH 2.0, whereas the Q was 8.5 for the composition 75 HDT. However, at pH 10.0, 
the Q value was 4.2 and 2.6 for samples 25 HDT and 75 HDT, respectively. 
Rheology measurements are displayed in Figure 5. The gel quality, of the hydrated specimens, is 
confirmed by the greater Gꞌ value when it is compared with the Gꞌꞌ value at the same frequency.  
A greater Gꞌ can be observed for 75 HD than for 50 HD and 25 HD. The addition of the ceramic 
component does not induce any significant change on the Gꞌ values of the cryogels from the value of 
the analogous α-TCP free composition. 
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Figure 3. Scanning Electronic Microscopy and Pore size distribution graphics of samples 
(a) and (b) 25 HD, (c) and (d) 25 HDT, (e) and (f) 50 HD, (g) and (h) 50 HDT,  
(i) and (j) 75 HD and (k) and (l) 75 HDT, respectively. 
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Figure 3. Cont. 
 
Figure 4. Equilibrium-swelling ratio (Q) of the cryogels at different pHs. 
 
In order to study the long-term behavior of the synthesized cryogels, samples were incubated for  
28 days in PBS (Phosphate Buffer Saline, pH 7.4) at 37 °C and the results are displayed in Figure 6. 
After 28 days immersed in PBS, α-TCP containing samples showed a higher degradation process, 
probably due the degradation process of the calcium phosphate [34]. Since the α-TCP used as 
reinforcement as a particle, it is expected a higher degradation rate due to its high specific surface area 
compared to its volume. Sample 25 HDT lost the mechanical integrity after 7 days of immersion, while 
25 HD after 14 days. While samples containing 50% and 75% of HEMA started to show a tendency to 
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loss mass after 21 days. Despite cryogels with a greater content in PDMAEMA, (25 HD) provide with 
a greater Q, that may favor cell penetration [12], samples containing higher DMAEMA amounts 
showed poorer mechanical properties and degraded after 7 or 14 days, for samples 25 HDT and 25 HD, 
respectively, showing that samples containing higher amounts of DMAEMA are not suitable for bone  
repair applications. 
Figure 5. Rheology measurements of cryogels. 
 
Figure 6. Swelling behavior after 28 days of immersion in PBS at 37 °C. 
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3.2. Biological Analysis 
3.2.1. HTB and BM-MSC Metabolic Activity 
HTB and BM-MSCs were cultured on 75 HD and 75 HDT. The viability of the different cell types 
was quantitatively assessed, through the Alamar Blue® assay. Figure 7 represents the metabolic 
activity of the cells, after 96 h seeding. The percentage of the reduced dye was not significantly altered 
(p > 0.05) by the presence of the different materials in comparison with the cells grown on tissue 
culture polystyrene (TCPS, positive control). For both BM-MSCs and HTBs, a similar behaviour was 
observed. In addition, the introduction of a 5% α-TCP did not induce a significant decrease in the cells 
metabolic activity, (p > 0.05). Nevertheless both 75 HD and 75 HDT cryogels were non-toxic and the 
seeded cells remained viable. 
Figure 7. Metabolic activity of human trabecular bone-derived cells (HTB) and bone 
marrow derived mesenchymal stem cells (BM-MSC) through the Alamar Blue® assay. 
 
3.2.2. Histological and Immunohistochemical Analysis 
The histological observations of the cryogels seeded with BM-MSCs are shown in Figure 8.  
The HE staining revealed differences in cell distribution between the different compositions.  
For cryogels with no α-TCP (75 HD), cells were mainly found at the surface. 75 HDT cryogels showed 
MSCs proliferating on the surface and into the bulk of the materials, as well as the formation of an 
extracellular matrix. We believe that the different pore sizes and porosity presented by 75 HD and  
75 HDT may have influenced the different cell response on both the materials. Thus, higher porosity 
(734% ± 5.5%, Table 1) and pore size (300–400 μm, Table 1) presented by 75 HDT, have supported 
better cell infiltration and seems appropriate for a bone engineering scaffold [33]. Other studies have 
focused on the cellular response to pore structure. Spherical pore shapes will act as ideal surfaces for 
the ridges by providing a surface for ease of cell spreading, angular pores, similar to the ones 75 HD 
and 75 HDT present, will suspend cell movement within the scaffold [35]. 
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Figure 8. Human MSCs on 75 HD and 75 HDT scaffolds, after 21 days culture on 
osteogenic or control medium (DMEM (Dulbecco’s Modified Eagles Medium) 10%): 
hematoxylin and eosin histologic staining (H&E) and immunolocalization of type-I 
collagen (col-I) and alkaline phosphatase (ALP), (magnification 20×). 
 
The differentiation of bone marrow-derived mesenchymal stem cells was assessed by 
immunohistochemistry. The osteogenic differentiation process comprises three main biological phases: 
cellular proliferation, cellular maturation and matrix mineralization. Type I collagen is expressed 
during the initial period of proliferation and extracellular matrix (ECM) biosynthesis, whereas alkaline 
phosphatase is expressed during the post-proliferative period of ECM maturation and other proteins 
occur later during the third period of mineralization. As shown in Figure 8, col-I was present in both 
materials, under osteogenic inducing conditions. Additionally, ALP could be visualized, although not 
on many cells, only on the α-TCP-containing cryogels, and it seems that the presence of α-TCP may 
have incited a higher expression of this protein. This relation was also observed when non-osteogenic 
differentiation medium was used. 
The tricalcium phosphate incorporation on cryogels does not affect significantly the Gꞌ value of the 
cryogels, indicating that new crosslinks are not induced, as it has been described for other systems [12,36]. 
Despite this fact, an improvement in the biological response of the cryogels has been found as a result 
of the ceramic incorporation. 
In summary, α-TCP incorporation to PDMAEMA/PHEMA cryogels had a positive effect on a 
biological level, after 14 days in culture, as it allowed for a better cell infiltration and matrix secretion, 
as well as the expression of bone related proteins. The specific role of α-TCP and the mechanisms involved 
in the observed cell response should be further evaluated. 
4. Conclusions 
Porous scaffolds based on the system Poly 2-(dimethylamino)ethyl Methacrylate/(2-Hydroxyethyl) 
Methacrylate MAEMA/PHEMA reinforced with α-tricalcium phosphate can be prepared by 
cryopolymerization. The properties of the scaffolds can be tuned by modifying the PDMAEMA/PHEMA 
ratio and by the incorporation of α-TCP. Specimens with a greater content in PHEMA seem to provide 
Polymers 2014, 6 2523 
 
 
with a better structural environment for their use as scaffolds for bone engineering repair and the 
incorporation of α-TCP seems to favor the post-proliferative period of MSCs osteogenic differentiation, 
during the maturation of the extracellular cell matrix. 
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